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Abstract
Electrophysiological study performed with the voltage clamp technique was used to examine the intracellular calcium
pathway activated by tyrosine kinase receptor members. Three FGF receptors from Pleurodeles PR1, PR3, PR4, homologs
to human receptors, and the human EGF receptor were expressed in Xenopus oocytes. Under FGF1, FGF2 and FGF4
stimulation, PR1 and PR3 display a one phase inward chloride calcium dependent current superimposed by sustained
oscillations, whereas PR4 did not show any oscillations. These currents were dependent on intracellular calcium mobilisation,
as the responses were reduced by caffeine (10 mM). Solely PR4 responses were affected by an extracellular calcium depleted
solution suggesting the involvement of concomitant extracellular and intracellular calcium intervention in the calcium
chloride current, whereas PR1 and PR3 did not. Under EGF stimulation, the EGF receptor elicits a two component inward
current composed of an undelayed rapid transient dependent on intracellular calcium store recruitment followed by a second
slower current dependent on calcium influx. The specific pattern and amplitude of the calcium oscillations induced by the
combinatorial action of growth factors on their receptors could be relevant in numerous calcium dependent cell
functions. 0167-4889 / 98 / $ ^ see front matter ß 1998 Published by Elsevier Science B.V. All rights reserved.
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Growth factors such as ¢broblast growth factors
(FGFs) and epidermal growth factor (EGF) play a
role in multiple cell processes [1]. Their responses are
triggered through a family of structurally related ty-
rosine kinase receptors that recruit various transduc-
tion cascade elements. The FGF and EGF receptor
activation is followed by the activation of phospho-
lipase CQ (PLCQ) which leads to an increase of the
intracellular calcium involved in receptor internalisa-
tion, neurite outgrowth or mitosis [2^5]. However,
the pattern and the role of intracellular calcium mo-
bilisation for each speci¢c FGF receptor isotype have
not precisely been analysed nor have they been com-
pared to other growth factor responses. Cytosolic
calcium oscillations occur in a variety of cells where
their precise function remains obscure [6]. The spike
and plateau phases of the calcium responses induced
by some growth factors have been shown to control
di¡erent transcriptional pathways [7,8]. The speci¢c
pattern and amplitude of the intracellular calcium
variations induced by the combinatorial action of
tyrosine kinase receptors and their ligands could
therefore be relevant in calcium dependent cell func-
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tions. To better understand the calcium signalling
pathway stimulated by the epidermal and the ¢bro-
blast growth factor family, we have monitored under
voltage clamp recording the calcium dependent
chloride membrane currents activated by PR1, PR3
and PR4 from Pleurodeles and EGF receptors in ex-
pressing Xenopus oocytes under FGF1, FGF2, FGF4
or EGF application. This method was previously re-
ported to be suitable for detecting intracellular cal-
cium oscillations triggered by membrane receptors
[9,10]. The kinetic of the calcium responses appears
di¡erent and speci¢c among the tyrosine kinase re-
ceptor family.
Xenopus laevis full-grown stage VI oocytes were
obtained by defolliculation using 1 h treatment
with collagenase A (1 mg/ml, Boehringer Mannheim)
and kept at 19‡C in ND96 medium (in mM: NaCl
96, KCl 2, CaCl2 1.8, MgCl2 1, HEPES 5, adjusted
to pH 7.4 with NaOH), supplemented with strepto-
mycin/penicillin (50 Wg/ml, Eurobio), sodium pyru-
vate (225 Wg/ml, Sigma) and soybean trypsin inhib-
itor (30 Wg/ml, Sigma) [10]. Capped cRNAs were
transcribed using mMESSAGE mMACHINE kit
(Ambion), from linearised full-length Pleurodeles
FGF receptors cDNA inserted into vector pSP64T,
chimeric PDGF receptor extracellular domain
coupled to human FGFR1 receptor or Xenopus
FGFR4 receptor intracellular domain [11^14] and
human pOBER EGF receptor [15]. Microinjection
was performed in the equatorial region of the oocyte
with 50 nl of the cRNAs (60 ng ¢nal concentration)
and expressing PR1, PR3, PR4 and EGF receptors
oocytes were impaled after 48 h with two glass mi-
croelectrodes ¢lled with 3 M KCl (resistance 6 5
Fig. 1. Parameters of the calcium induced chloride current for EGF and FGF receptors expressing oocytes under growth factor stimu-
lation (5 nM). (A) Values are mean þ S.D. for the numbers (n) of oocytes tested for various oocyte batches. (B) Histogram of the cur-
rent values.
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M6) [9]. The Ca2 dependent Cl3 currents were re-
corded at a holding potential of 380 mV. Student’s
t-test for independent samples was used to assess the
signi¢cance of the observed di¡erences.
Stimulation of the FGF and the EGF tyrosine
kinase receptors by appropriate growth factor ligand
demonstrates the presence of a pattern of calcium
activated chloride current speci¢c for each receptor.
The Ca2-dependent Cl3 current was veri¢ed
through the determination of the reversal potential
of the Cl3 ions which is close to 320 mV when
stimulations by human growth factor FGF1,
FGF2, FGF4 or EGF are performed on their respec-
tive receptors at a concentration of 5 nM. FGF re-
Fig. 2. The membrane currents were recorded on 48 h expressing oocytes, clamped at a holding potential of 380 mV. The membrane
recorded inward current is depicted as downward. The bar denotes the duration of ligand exposure. A and C display the same bar
scale. (A) Non-injected control oocyte stimulated by FGF2. (B) Typical one phase membrane current response sustained by oscilla-
tions induced with 5 nM FGF4 on PR1. (C) Intracellular Ca2 release mediation of the PR3 oocytes stimulated by FGF1. Inhibition
of the inward oscillating Cl3 current, induced by FGF2, by superfusion of ca¡eine (10 mM, dotted line), and then rinsed. (D) Super-
fusion of FGF4 induces a characteristic current devoid of oscillatory pattern on PR4.
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ceptor stimulation induces a one phase inward cur-
rent either sustained with high frequency oscillations
or devoid of oscillatory pattern (Figs. 1 and 2). More
precisely the PR1 receptor displays a signi¢cantly
higher response under FGF4 treatment compared
to FGF2 (P6 0.05) or FGF1 (P6 0.01) character-
ised by a latency of 1 min and a duration of 10
min (Fig. 1 and Fig. 2B). The growth factor FGF1
rarely induces a biphasic response on PR1 (two re-
sponses in eight eggs tested) or on PR3 (two re-
sponses in 12) expressing oocytes. Growth factor
FGF1 and FGF4 stimulation of the PR3 receptor
induces a strong inward current superimposed by
oscillations compared to the smaller currents elicit
by FGF2 (P6 0.05) (Fig. 2C). PR3 responses are
obtained after a maximal delay of 2 min between
the application of the FGFs and the onset of the
current response. The duration of the responses is
similar to PR1 responses, and lasts 10 min. Only
the two FGF receptors PR1 and PR3 display calci-
um dependent chloride current superimposed by sus-
tained oscillations under FGF1, FGF2, and FGF4,
Fig. 3. EGF application (5 nM) on 48 h EGF receptor expressing oocytes. The bar denotes the duration of ligand exposure. (A) A
typical two phase inward current composed of a fast large amplitude transient and a second slow current sustained by oscillations.
(B) In some cases the slow current did not display oscillatory patterns. (C) Dependence of the EGF sensitive current upon internal
Ca2 store mobilisation. Extracellular application of calcium-deprived external solution (in mM: NaCl 96, KCl 2, MgCl2 10, EGTA
0.5, HEPES 5, pH 7.4) abolishes the secondary slow inward current.
BBAMCR 10393 7-9-98
E. Browaeys-Poly et al. / Biochimica et Biophysica Acta 1404 (1998) 484^489 487
whereas PR4 isoform does not show any oscillatory
trace (Fig. 2D). FGF1 elicits on PR4 expressing oo-
cytes a stronger e¡ect compared to FGF2 (P6 0.01)
and FGF4 (P6 0.01). The recorded Ca2 dependent
Cl3 currents for the PR1 and PR3 receptor isoforms
are dependent on mobilisation of intracellular
Ins(1,4,5)P3 sensitive calcium stores as they are not
abolished by a calcium depleted extracellular me-
dium but suppressed by external application of caf-
feine (10 mM, inhibitor of Ins(1,4,5)P3 mediated re-
lease of intracellular calcium), as seen during the
PR4-FGF1, PR3-FGF1 and PR3-FGF4 interactions
(Fig. 2C) and previously by injection of BAPTA (50
WM, calcium chelator) on PR1-FGF2 interaction
[10]. Currents obtained from PR4 expressing oocytes
were a¡ected by the perfusion of an extracellular
calcium depleted solution under FGF1 and FGF2
treatments suggesting the involvement of both mobi-
lisation of intracellular calcium stores and entry of
calcium through the plasma membrane. The FGF
actions on PR4 thus seem to correlate more highly
to the e¡ect reported in the literature where FGF2 is
described to stimulate both intracellular calcium mo-
bilisation and non-capacitive extracellular calcium
entry through calcium channels in ¢broblast cells
[16]. Control experiments performed on distilled
water injected oocytes with di¡erent FGFs and
EGF did not elicit any chloride inward current
(Fig. 2A). Pleurodeles FGF receptors are closely re-
lated to the human gene receptors [11,12]. The inter-
species action between Pleurodeles FGF receptors
and human FGF may be relevant in the former ex-
periment as it was clearly shown in the literature that
human FGF1 is structurally and functionally similar
to its amphibian counterpart even if they are anti-
genically distinguishable from each other [17]. To
ascertain the main role of the FGF receptor intra-
cellular domains, chimeric receptors composed of the
extracellular sequence of the platelet derived growth
factor (PDGF) receptor coupled to the intracellular
domain of the human FGFR1 intracellular domain
are stimulated by PDGFBB (5 nM). Oscillatory pat-
terns con¢rm a higher inward current close to 3100
nA for the PDGF-FGFR1 receptor chimera, com-
pared to its counterpart composed by the Xenopus
FGFR4 intracellular domain (320 nA). In addition
the PLCQ recruitment in the FGF receptor activated
oocytes was veri¢ed using a competitive inhibitor
(¢nal concentration 50 Wg/ml) for 2 h before the ap-
plication of FGFs [2,4]. The inhibition of the PLCQ
activation prevents the calcium activated current
from PR4 expressing oocytes under FGF1 stimula-
tion (n=5), the current superimposed by oscillations
for PR1 under FGF1 and FGF4 treatment (n = 4),
and for PR3 under FGF1 stimulation (n = 3).
On the other hand, the EGF tyrosine kinase re-
ceptor invariably presents a two component response
comprised of a ¢rst rapid transient phase (duration
less than 1 min) followed by a second slow sustained
inward current (duration 15 min). The second phase
is mostly characterised by high frequency oscillations
(¢ve responses in eight) (Fig. 1, Fig. 3A,B). The re-
sponses always appear instantaneously after EGF
application and are suppressed by the inhibitor of
PLCQ recruitment (n = 5) [5]. The two parts of the
EGF induced current trace are a¡ected by the cell
permeable calcium chelator BAPTA-AM (50 WM)
(n = 3). Under the perfusion of an extracellular cal-
cium depleted solution, solely the second phase of
the EGF sensitive current is a¡ected. The ¢rst phase
of the response present a high amplitude current of
373 þ 91 nA (n = 7) (Fig. 3C), non-signi¢cantly di¡er-
ent from regular ND medium perfusion (P6 0.01).
The ¢rst part of the response involves intracellular
calcium mobilisation whereas the second phase of the
current suggests the involvement of extracellular cal-
cium. Calcium entry via voltage independent calcium
channels has been reported in several cells using £uo-
rescent techniques for the EGF receptor, but no
information is available for the FGF receptor family
[18]. Our experiments demonstrate that the EGF and
the PR4 receptors speci¢cally involve short-term ex-
tracellular and intracellular calcium recruitment, con-
versely from the PR1 nor PR3 receptors responses.
Two hypotheses could be advanced to explain this
discrepancy. The calcium mobilisation could be be-
low a necessary threshold level to trigger a hypothet-
ical second messenger mobilisation, involved in the
activation of the calcium membrane conductance for
the FGF receptors. However, the level of cytoplas-
mic calcium mobilisation measured with £uorescent
probes in somatic cells has shown a similar degree of
intracellular store mobilisation for EGF and FGF
receptors [19,20]. As a second hypothesis the signal
transduction activated by the PR1 and PR3 receptors
could be di¡erent or de¢cient in some second mes-
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sengers responsible for the extracellular calcium en-
try. The repertoire of interactions between each given
growth factor and its tyrosine kinase receptor in sev-
eral di¡erentiated cell environments could lead to a
precise and complex pattern of calcium oscillatory
response that could operate calcium dependent cellu-
lar responses through the speci¢c control of the
mechanisms involved in the cytosolic calcium re-
sponse. Recently low calcium high frequency re-
sponses were shown to di¡erentially activate tran-
scription factors in T lymphocytes [8]. With all
these caveats in mind the next step will be to deter-
mine which pair of ligand-receptor calcium oscilla-
tory pattern is determinant for which cell function.
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